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ABSTRACT Rhythmic activity of neurons and heart cells
is endowed by pacemaker channels that are activated by
hyperpolarization and directly regulated by cyclic nucleotides
(termed HCN channels). These channels constitute a multi-
gene family, and it is assumed that the properties of each
member are adjusted to fit its particular function in the cell
in which it resides. Here we report the molecular and func-
tional characterization of a human subtype hHCN4. hHCN4
transcripts are expressed in heart, brain, and testis. Within
the brain, the thalamus is the predominant area of hHCN4
expression. Heterologous expression of hHCN4 produces
channels of unusually slow kinetics of activation and inacti-
vation. The mean potential of half-maximal activation (V)
was —75.2 mV. cAMP shifted Vy,; by 11 mV to more positive
values. The hHCN4 gene was mapped to chromosome band
15q24-q25. The characteristic expression pattern and the
sluggish gating suggest that hHCN4 controls the rhythmic
activity in both thalamocortical neurons and pacemaker cells
of the heart.

Ton channels activated by hyperpolarization and directly reg-
ulated by cyclic nucleotides (dubbed HCN channels; see ref. 1)
play a fundamental role in shaping the autonomous rhythmic
activity of single neurons and the periodicity of network
oscillations (for reviews, see refs. 1-3). Among the best studied
examples are the pacemaker currents in cells of the sinoatrial
node (I¢) (4) and in relay neurons of the thalamus (1) (2). The
thalamus is the major gateway for the flow of information
toward the cerebral cortex, and it is the first station at which
incoming signals can be blocked. During sleep, the rapid
activity patterns characteristic of the aroused state are re-
placed by low-frequency, synchronized rhythms of neuronal
activity. The physiological significance of the oscillatory modes
is uncertain, but they may play a role in controlling the flow of
information through the thalamus.

During early stage of quiescent sleep, thalamocortical neu-
rons produce synchronized network oscillations of slow peri-
odicity called spindle waves. The waves of electrical activity at
7-14 Hz wax and wane within a 1- to 3-s period and recur
periodically once every 3-20 s (reviewed in refs. 2 and 5).
Spindle waves are produced by the reciprocal interaction
between inhibitory neurons of the thalamic reticular nucleus
and excitatory thalamic relay neurons. The barrages of inhib-
itory postsynaptic potentials evoke Ca?* rebounds by de-
inactivation of T type Ca?* channels, which then, through the
generation of trains of action potentials, reexcite the reticular
cells. During the late stages of sleep, spindle waves are
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progressively replaced by oscillations with frequencies of 0.5-4
Hz. In contrast to origin of spindle oscillations in synaptic
networks, the slow-frequency rhythm can be generated in
single cells. HCN channels contribute to the different patterns
of rhythmic activity of thalamocortical neurons in two ways.
First, the interplay between low-threshold T type Ca®* chan-
nels and HCN channels confers the autonomous 0.5- to 4-Hz
rhythm onto thalamocortical relay cells (reviewed in refs. 2, 6,
and 7). Activation of Ca®* channels results in Ca?* spikes and
often in a high-frequency burst of Na*/K* action potentials.
Inactivation of Ca?" channels terminates the Ca’* spike,
followed by hyperpolarization of the neuron and activation of
hyperpolarization-activated channels that provide the depo-
larizing Iy, current. Second, persistent activation of I;, during a
spindle-wave epoch shifts the membrane potential by up to 5
mV to more positive values (5). This afterdepolarization stops
oscillations, probably by inactivation of the T type Ca’*
channels (5). The duration of the refractory period in between
spindle-wave epochs (3-20 s) is probably determined by the
time course of I, deactivation.

Recently, several members of the gene family of ion chan-
nels that carry I, and I¢ currents have been molecularly
identified. In the following, we will adopt the nomenclature
suggested by Clapham (hyperpolarization-activated and cylic-
nucleotide-gated (HCN) channels; ref. 1): mHCN1 from
mouse [mMBCNGI (8) and HAC2 (9)], mHCN?2 [partial clone
mBCNG2 (8) and HAC1 (9)], mHCN3 [partial clone
mBCNG#4 (8) and HAC3 (9)], and a putative fourth subtype
mHCN4 [partial clone mBCNG3 (8)].

Two mouse clones, mHCN1 and mHCN2, have been func-
tionally characterized by heterologous expression. Whereas
HCN1 and HCN2 are both expressed in the thalamus, although
not exclusively, their time course of activation (7, 8) is signif-
icantly faster than that of native HCN channels in thalamo-
cortical neurons (9-12). Furthermore, at resting potentials of
—60 mV to —68 mV (3), native HCN channels in thalamo-
cortical neurons have a finite open probability (P,) (2),
whereas mHCN1 and mHCN2, owing to their negatively
shifted midpoint potentials of activation (Vi = —105 mV),
are practically closed at rest.

To molecularly identify the HCN channel subtype respon-
sible for oscillatory activity in the thalamus, we screened a
thalamus-specific cDNA library. Here we report the cloning
and functional characterization of an HCN channel subtype
from human (hHCN4). Significant expression of the hHCN4

Abbreviations: HCN channels, hyperpolarization-activated and cyclic-
nucleotide-gated channels; Vi), potential of half-maximal activation;

P,, open probability; 7, time constant of activation.

Data deposition: The sequence reported in this paper has been
deposited in the GenBank database (accession no. AJ238850).
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message is observed in the heart, brain, and testis; within the
brain, the thalamus is the predominant site of hHCN4 expres-
sion. Functional expression in a cell line produced channels
with all of the hallmarks of HCN channels. However, hHCN4
differs from HCN1 and HCN2 by its unusually slow gating
kinetics and voltage range of activation. The unique expression
pattern and activation properties make hHCN4 a prime can-
didate for controlling the periodicity of oscillations in the
thalamus and also for pacemaking in the heart.

MATERIALS AND METHODS

Cloning of Human hHCN4. A human thalamus cDNA
library (CLONTECH, HL5009b) was screened with a DNA
fragment that had been amplified by PCR from the library by
using degenerate oligonucleotides corresponding to amino
acid sequences EVFQPGD (residues 614-620) and DGSY-
FGE (residues 654-660). Several partial cDNA clones were
isolated. Clone pB-HT60 [~3.7 kilobase (kb)] contains the
5'-terminal region of hHCN4, including the 996-bp 5’ non-
coding sequence. Seven stop codons were found in-frame
upstream of the translation initiation site. A second overlap-
ping clone pB-55HH4 (=~ 2.0 kb) contains sequences extending
beyond the 3" end of the coding region. The recombinant
plasmid phHCN4 carrying the complete coding sequence for
hHCN4 was constructed from these two overlapping clones by
using standard procedures.

Northern Blotting. Northern blots of mRNA from various
human tissues (CLONTECH) were hybridized with a 32P-
labelled PCR fragment (267 bp; corresponding to amino acids
728-816) at 68°C overnight in ExpressHyb hybridization so-
lution (=~ 10° cpm/ml). Filters were washed with 2X SSC/
0.05% SDS (4 X 10 min at room temperature) and with 0.1X
SSC/0.1% SDS (2 X 20 min at 50°C). Autoradiography of
labeled blots was performed for 2 weeks at —80°C.

Fluorescence in Situ Hybridization (FISH). For in situ
hybridization, a 3,174-bp fragment of phHCN4 (corresponding
to amino acids 195-1,203 and the 146-bp 3’ noncoding region)
was biotin-labeled and used as a probe for chromosomal in situ
suppression hybridization to human metaphase chromosomes
as described (13). Labeled probe (80 ng) was combined with
3 ug of human Cot 1-DNA and 7 ug of salmon sperm DNA in
a 10-ul hybridization cocktail. After hybridization to dena-
tured human lymphocyte metaphase chromosomes overnight
at 37°C and posthybridization washes, the biotinylated probes
were detected via avidin-conjugated FITC. Chromosomes
were counterstained with diamino-2-phenylindole (DAPI).
Digitized images of DAPI staining and FITC were recorded
separately by using a charge-coupled device camera (Photo-
metrics), carefully aligned and electronically overlayed.

Functional Expression. Channel-specific cDNA was sub-
cloned into the expression vector pcDNAIamp (Invitrogen)
and expressed in HEK 293 cells as previously described (14).
Currents were recorded with the patch-clamp technique in the
whole-cell configuration. When necessary, leak currents were
subtracted off-line by using steady-state currents between + 10
and +50 mV. Experiments with caged cAMP were performed
as described (15, 16). In the whole-cell configuration, the bath
contained (in mM): 135 NaCl, 5 KCl, 1.8 CaCl,, 2.8 MgCl, and
5 Hepes-NaOH at pH 7.4. The pipette solution contained (in
mM): 126 KClI, 10 Hepes-KOH and 10 EGTA at pH 7.4. For
experiments with cAMP, 50 uM NPE-caged cAMP was added
to the pipette solution. cAMP was released from the caged
form by illumination with light in the range of 320-400 nm. A
UV light flash of similar intensity had no effect on currents in
transfected and nontransfected HEK 293 cells in the absence
of caged cAMP. All experiments were performed at room
temperature (=21°C).

Proc. Natl. Acad. Sci. USA 96 (1999)

RESULTS

Primary Structure of hHCN4. We isolated a clone phHCN4
from a human thalamus cDNA library (see Materials and
Methods). The cDNA (4,751 bp) codes for a protein of 1,203
aa residues with a calculated molecular mass of 129.1 kDa. The
deduced polypeptide sequence shows a high degree of simi-
larity with previously cloned HCN channels: 63.6% identity
with mouse HCN1; 69.4% identity with mouse HCN2; and
70.6% identity with mouse HCN3 (8-10). The sequence
similarity is particularly pronounced in the transmembrane
segments S1-S6, the pore region, and the cyclic nucleotide-
binding domain. The N- and C-terminal domains of hHHCN4
are significantly larger compared with mHCN1-mHCN?3 (Fig.
1). Thus, h(HCN4 represents a novel subtype of HCN channels.
A partial clone of the mouse ortholog of hHCN4 has been
previously reported by Santoro and coworkers (mBCNG3;
ref. 8).

Tissue Distribution of hHCN4 mRNA Expression. Northern
blot analysis showed strong expression of hHCN4 transcripts in
heart (7.3 kb) and testis (7.3 kb and 4.5 kb) and a significantly
weaker signal in total brain (7.3 kb; Fig. 24 and B). However,
analysis of the hHCN4 distribution within different regions of
the human brain revealed a highly differential expression of
the gene. Expression level of h(HCN4 mRNA was highest in the
thalamus, much lower in the substantia nigra, cerebellum,
amygdala, and hippocampus, and not detectable in spinal cord,
corpus callosum, or caudate nucleus (Fig. 2 C and D). The
expression patterns of mouse and human HCN1 and human
HCN2 are distinctively different from that of hHCN4 in that
HCN2 mRNA is more uniformly expressed in all brain regions,
and HCN1 mRNA is less abundant in the thalamus compared
with other brain structures, e.g., hippocampus and amygdala
(8, 10). Thus, hHCN4 may subserve a cellular function that is
specific to thalamocortical neurons and of lesser importance
for other brain regions (see Discussion).

The hHCN4 Gene Maps to Chromosome 15¢24-q25. Hy-
bridization of the human hHCN4 probe to metaphase chro-
mosomes resulted in specific signals on human chromosome
15q24-q25 (Fig. 3). In 60% (18/30) of the evaluated meta-
phase cells, fluorescent signals were detected on both, and in
40% (12/30) on one, of the chromosome 15 homologs. No
additional signals were found in other regions of the human
genome in any of the experiments.

Functional Characterization. We studied the activity of
hHCN4 channels in transfected HEK 293 cells with the
patch-clamp technique in the whole-cell configuration. Hyper-
polarizing steps in membrane potential, Vy,, from a holding
value of +10 mV to more negative test values (—50 to —150
mV) produced a small instantaneous current component
followed by a slow time-dependent current that developed with
a sigmoidal time course (Fig. 44). Similar currents were not
observed in nontransfected cells (data not shown).

The sigmoidal onset of currents indicates that the activation
requires a series of conformational transitions involving both
closed and open states (17). However, ignoring the sigmoidal
onset of the current traces, the time course of activation was
well described by a single exponential (as shown in Fig. 4C).
The time constant of activation, 7, strongly depended on the
test voltage (Fig. 4B, ®@). Values for Trange from 265 ms (—150
mV) to 21.5 s (=70 mV). For comparison, the voltage depen-
dence of the activation time constant r measured at 36°C from
thalamocortical neurons (taken from ref. 11) has been in-
cluded (Fig. 4B, a). The difference in kinetics between native
and hHCN4 channels is readily accounted for by the strong
temperature dependence of the activation step: time constants
at 36°C, calculated for the cloned channel from the data
obtained at room temperature (assuming a Qg of 6), perfectly
coincide with the data for the native channel (Fig. 4B, 0O).
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FiG. 1. Primary structure of the human HCN4 channel and sequence comparison with mouse subtypes mHCN1-mHCN3. Identical residues
with respect to hHCN4 sequence are represented by empty spaces and gaps by dashes. The six predicted transmembrane segments (S1-S6), the
pore region, and the cyclic nucleotide-binding domain are indicated by bars above the sequence. Sequences of mMHCN1-mHCN3 are from ref. 9.

Because of the slow kinetics of the channel, P, did not reach
a steady state with the voltage protocols shown in Fig. 4 4 and
C. Nevertheless, the voltage dependence of the relative P,
taken from instantaneous tail currents was still satisfactorily
described by Boltzmann functions (Fig. 4 D and E). However,
the midpoint potential V,, strongly depended on the duration
of the hyperpolarizing voltage pulse and was shifted to the
right for longer pulse durations (Fig. 4E). Fig. 4F summarizes
these experiments. Vy,, adopts very negative values for short
pulses (i.e., 100 ms; Vi, = —182.1 mV) and approaches a
constant value of roughly —75 mV for very long pulses (=60 ).

The instantaneous current-voltage (I/Vy) relationship de-
termined from tail currents was linear (Fig. 5 4 and B). The
mean reversal potential, Ve, was —22.1 * 3.4 mV (5 exper-
iments) under nearly physiological gradients of monovalent
ion concentrations.

To compare hHCN4-mediated currents in the presence and
absence of cAMP in the same cell and to avoid slow effects
such as cAMP-dependent phosphorylation, we used rapid
photorelease of cAMP from caged derivatives (15, 18). Step-
ping Vp, from 0 mV to —100 mV induced the characteristic rise
in hHCN4 current (Fig. 64). After the hyperpolarization-
activated current reached a plateau, cAMP released by a short
flash of UV light further increased the current amplitude. The
time course of the cAMP-induced current increase was de-
scribed by two exponentials of 182 ms (relative amplitude of
26%) and 1,633 ms (74%) (Fig. 6A Inset). Similar experiments
with the cloned HCN channel from sea urchin sperm (16) and
with a cyclic nucleotide-gated channel (15) yielded much faster
rate constants. Thus, the hHCN4 channel displays inherently
slow gating kinetics to changes in both membrane potential
and cAMP concentration. We also compared the activation
kinetics on steps to —120 mV before and after the photore-
lease of cAMP (Fig. 6B). The value for 7 decreased almost
3-fold from 1,465 ms before the flash to 552 ms after the flash.
Thus, for a given membrane potential, increasing the cAMP

concentration produces a significant acceleration of the cur-
rent activation.

The hydrolysis of photoreleased cAMP by endogenous
phosphodiesterase activity was slow (see Fig. 6F) and enabled
us to establish a complete P,/V, relationship with and without
cAMP in one and the same cell. Mean values for Vy, were
—85.2 £ 5.6 mV (13 cells) in the absence of cAMP and
—74.1 = 5.3 mV (10 cells) in the presence of cAMP for pulses
of 7,500-ms duration (Fig. 6C). Thus, cCAMP shifts the range
of channel activation by 11 mV to more positive potentials.

Calculated values from the Boltzmann equation suggest that
hHCN4 has a finite P, at the resting potential of thalamocor-
tical neurons. At —60 mV, relative P, of hHCN4 adopts values
from 5.7% to 31.6%, depending on the cAMP concentration
of the cell. Moreover, at —40 mV, where HCN channels are
believed to close, the relationship predicts a relative P, of a few
percent at saturating cAMP concentration. To verify this
prediction, we used photorelease of cAMP from the caged
derivative. The membrane potential of the cell was clamped to
—40 mV. Because of the small P,, in concert with an equally
small driving force (Vyey = —25 mV) and the slow kinetics of
the channel, we probed changes in P, caused by liberation of
cAMP by repetitively stepping the holding potential to +50
mV for 10 ms with an interpulse interval of 10 s. Because of
its inherently slow gating kinetics, the hHCN4 channel does not
deactivate during the short voltage pulse. The current ampli-
tude at +50 mV was found to be stable for extended periods
of time (Fig. 6E, see time interval 0-100s). After the UV flash,
the current amplitude increased, reflecting an increase in
channel activity. Currents slowly returned to baseline levels
that were not significantly different from levels before the
flash. The slow decay of current amplitude reflects the clear-
ance of cAMP from the cell by endogenous phosphodiesterase
activity. This result demonstrates that hHCN4, even at signif-
icantly depolarized potentials exhibits a measurable P,. It has
been proposed that the increase in [Ca*]; during spindle
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F1G. 2. Northern blot analysis of hHCN4 gene expression. Each
lane contains 2 pug of poly(A)* RNA from each of the following human
tissues: He, heart; Br, total brain; Pl, placenta; Lu, lung; Li, liver; Mu,
skeletal muscle; Ki, kidney; Pa, pancreas (A4); Sp, spleen; Thy, thymus;
Pr, prostata; Te, testis; Ov, ovary; In, small intestine; Co, colon; Leu,
peripheral blood leukocytes (B); Am, amygdala; CN, caudate nucleus;
CC, corpus callosum; Hi, hippocampus; Br, total brain; SN, substantia
nigra; Th, thalamus (C); and Ce, cerebellum; CeC, cerebral cortex;
Me, medulla; SC, spinal cord; OP, occipital pole; FL, frontal lobe; TL,
temporal lobe; Pu, putamen (D). Blots were hybridized with a
32P-labeled 267-bp cDNA fragment.

episodes indirectly stimulates HCN channel activity by increas-
ing cCAMP concentration and thereby causes the afterdepo-
larization (5). Consequently, the time between episodes might
be determined by the rate of cAMP hydrolysis by endogeneous
phosphodiesterase activity. Fig. 6E shows that, in HEK cells,
cAMP degradation slowly proceeds on a time scale that, given
the lack of information on peak levels of cAMP and endoge-
neous phosphodiesterase activity in thalamocortical neurons,
is not outrageously different from the rate at which the
afterdepolarization decays.

F1G. 3. Sections of human metaphase spreads after in situ hybrid-
ization with a biotinylated probe of hHCN4, detected with FITC
conjugated to avidin. Arrows indicate the fluorescent signal on
chromosome region 15q24-q25. Chromosomes were counterstained
with DAPL

Proc. Natl. Acad. Sci. USA 96 (1999)
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FiG. 4. Functional characterization of hHCN4. (4) Whole-cell
current responses to hyperpolarizing voltage steps from a holding
potential of +10 mV to test values between —50 and —150 mV in
increments of 10 mV. Tail currents were recorded by stepping the
voltage back to +10 mV. The arrow indicates the instantaneous tail
current. (B) Voltage dependence of the activation rates. Time con-
stants 7 (=SD, @) of current activation were determined by fitting
single exponentials to the current traces of recordings as in A (—130
to —150 mV) and in C (all other voltages). The number of experiments
is given in parentheses. Time constants of activation of native Iy
currents () recorded from thalamocortical neurons were taken from
ref. 11; O represent time constants for h(HCN4 at 36°C, calculated from
the data at 21°C, assuming a Q1o = 6. (C) Whole-cell current responses
to hyperpolarizing voltage steps (see protocol above the current traces)
of 7,500 ms duration (gray traces) and superimposed fit with a single
exponential function (solid lines). The Inset shows tail currents re-
corded at +50 mV on an expanded time scale. (D) Voltage depen-
dence of instantaneous tail currents (®), taken from C (Inset , arrow),
representing the relative P,. Solid line is a fit of the Boltzmann function
(1 - Imm)/(lmax - Imin) = [l - exp([V - Vl/z]/S)]71 with Vi, = —79.6
mV and s = 7.9 to the data. (E) Normalized tail currents (symbols) and
fits (solid lines) of experiments with varying duration #, of the
hyperpolarizing pulse: m, £, = 300 ms, Vi = —151.4mV; O, t, = 1,
Vip=-119.0mV; e, tp = 7.5s,Vip=—852mV;a, tp = 60s,Vip =
=752 mV. (F) Mean values * SD for Vy; (determined as in D and
E) plotted against duration of the hyperpolarizing pulse. V1, saturates
for long pulse durations (>60 s) at —75.2 (+3.4) mV.

DISCUSSION

In the human brain, hHCN4, unlike any other HCN channel
subtype, is predominantly expressed in the thalamus. More-
over, hHCN4 and the native channel in thalamocortical neu-
rons match in two functional features that set apart HCN
channels from each other—midpoint potential V;,, and time
constant 7 of activation. First, the Vy,, of activation of hHHNC4
(=752 mV) is largely similar to that of [, in thalamocortical
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F1G. 5. (A) Current responses to hyperpolarizing voltage steps to
—120 mV for 1 s and tail currents recorded by stepping the voltage to
the indicated value (see voltage protocol above the current traces).
The arrow indicates the instantaneous tail-current amplitudes used for
the I/Vp, relation shown in B. (B) Instantaneous I/Vp, relation derived
from tail currents in A. The reversal potential was —22 mV.

neurons (—74 to —85 mV; refs. 11, 12, and 19). A valid
comparison of Vy, values is hampered by our observation that
Vi,2 depends critically on the voltage protocol used. In par-
ticular, when working with a slowly gating HCN channel at
room temperature, short voltage steps do not allow channel
activation to come to completion and, therefore, the steady-
state P, derived from tail current amplitudes is seriously
underestimated. As a consequence, the Vi, becomes shifted
toward more negative values (see Fig. 4 E and F). For example,
with 3-s pulses, the Vy; is shifted by 35 mV to more negative
values compared with the Vi, at steady state. Vy, values
reported in the literature for I, and It currents are notoriously
variable, and this variability has been attributed to different
cAMP levels or to endogenous factor(s) that might be lost
during recording in the whole-cell configuration or in exised
patches (2,4, 9, 16). We suggest that part of the large variability
of Vy,, values originates from using different pulse protocols.
The resting potential of thalamocortical neurons (—60 to —68
mV; ref. 20) is distinctively more positive than the presumed
K* equilibrium potential. Within this range of resting poten-
tials, hHCN4 has a significant P, and is expected to sustain a
sizeable inward current that codetermines the resting poten-
tial. In fact, application of Cs*, which blocks HCN channels,
to thalamocortical neurons, causes hyperpolarization and an
increase in apparent input resistance (11). In contrast to
hHCN4, the V;,; of mHCN1 and mHCN?2 have been reported
to be distinctively more negative (—100 mV to —105 mV; refs.
8 and 9), and these channels would be practically closed in a
neuron at rest.

Second, hHCN4 and native channels in thalamocortical
neurons are rather similar in their relatively slow time course
of activation, whereas mHCN1 and mHCN2 activate much
faster. However, a meaningful comparison of kinetics must
bear in mind the strong voltage and temperature dependence
of activation. The time constant of activation of [}, in a neuron
maintained at 36°C varies between ~300 ms and ~8.3 s,
depending on Vi, (11, 12), whereas mHCNI1- and mHCN2-
mediated currents at ambient room temperature activated with
7of ~100-300 ms (8, 9). Taking into account the temperature
dependence of the activation kinetics (Q9 ~ 5; ref. 21), at
36°C, activation rates of heterologously expressed mHCN1 und
mHCN?2 channels are expected to be even severalfold faster
than at room temperature. In the same vein, the slower
activation kinetics of cloned hHCN4 measured at room tem-
perature compared with the native channel in thalamocortical
neurons at 36°C (11) (see Fig. 4B) is fully accounted for by the
difference in measuring temperature and a Qjo ~ 6. In
conclusion, the unique expression pattern and activation prop-
erties suggest that hHNC4 encodes the pacemaker channel in
thalamocortical neurons.
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FiG. 6. Modulation of hHCN4-mediated currents by cAMP. (A4)
Incremental increase of steady-state current at —100 mV after pho-
torelease of cCAMP from caged cAMP. (Inset) Time course of flash-
induced current increase displayed on a larger time scale. (B) Com-
parison of time courses of hHCN4 currents activated by steps to —120
mV before and after release of cAMP by the UV flash. (C) Voltage
dependence of relative P, derived from tail current analysis similar to
that shown in Fig. 4 C and D in the absence (O) and presence (®) of
cAMP. Midpoint potentials (V12) and slope factors (s) were deter-
mined from a fit of the Boltzmann equation to the data. Mean Vi
(control) = —85.2 +x 5.6 mV;s = 9.2 = 1.9 mV (13 experiments); mean
Vip (cAMP) = —=74.1 £ 53 mV;s = 9.7 = 2.1 mV (10 experiments).
(D) Demonstration of open hHCN4 channels at a depolarized poten-
tial (—40 mV). From a holding voltage of —40 mV, short voltage pulses
of 10-ms duration to +50 mV were repetetively applied every 10 s.
After 100 s, a flash of UV light (500 ms) was applied, releasing cAMP
from the caged compound. Three example traces are shown at t =
100's, ¢ = 140 s, and t = 550 s. Capacitive current transients have been
removed for clarity. (E) Rise and decay of flash-induced changes in
current amplitude measured at +50 mV in D.

At least two HCN channel subtypes (HCN2 and HCN4) are
expressed in the thalamus in appreciable amounts. We envis-
age three different scenarios. First, HCN2 and HCN4 alto-
gether may reside in different cell populations of the thalamus.
Second, the native channel may comprise two distinct subunits,
and the HCN4 subunit may determine the activation kinetics
of the heterooligomeric complex. Finally, thalamocortical
neurons may be furnished with two different HCN channel
populations that operate within distinct regimes of membrane
potential. In thalamocortical neurons, the time course of I, has
been described by a single (11, 12) or two (22) kinetic
components. Moreover, investigations of I, in cortical neurons
have indicated that the time course of I;, may be best approx-
imated by the sum of two kinetic components (23, 24). It
remains to be established whether multiphasic time courses
originate from distinct channel populations or reflect multiple
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gating processes within the same channel population. It will be
important for future work to study the molecular composition
and cellular distribution of HCN channel subtypes in thalamic
areas of the brain. Aside from the thalamus, the substantia
nigra represents the brain structure with the highest expression
level of hHCN4. Neurons within this area are also character-
ized by rhythmic activity that involves relatively slowly acti-
vating I, currents (25-27).

The high expression level in heart tissue suggests that
hHCN4 may also encode the principal pacemaker channel in
the human heart. The intriguingly similar activation kinetics of
Iy in myocytes of the sinoatrial node and cardiac Purkinje fibers
(28-30) and of hHCN4 certainly support this conclusion.
However, the activation threshold of It in cardiac Purkinje fiber
is distinctively more negative than in the sinoatrial node
(29, 31).

The strong hybridization signal with testis mRNA suggests
that hHCN4 is also expressed in mature spermatozoa or their
precursor cells. In this respect, hHCN4 may represent the
mammalian equivalent to the HCN channel in the flagellum of
sea urchin spermatozoa (16). Although the functional signif-
icance of pacemaker channels in spermatozoa is not known,
both the sea urchin channel and hHCN4 may be involved in the
generation of rhythmic activity that controls the waveform of
flagellar beating. In fact, spermatogenic cells comprise an
assortment of channels that is astoundingly similar to that of
bursting neurons. A low-threshold T type Ca?>* channel and a
pH-sensitive K* channel, which belongs to the family of
Ca?*-dependent K* channels, have been described in mam-
malian spermatogenic cells (32-34). In hyperactive hamster
spermatozoa, oscillations of intracellular Ca?* have been
reported (35), demonstrating that spermatozoa are capable to
sustain rhythmic patterns of activity. The motility of sperma-
tozoa is also controlled by intracellular pH; (for review, see ref.
36). In this respect, it is of particular physiological significance
that intracellular alkalization shifts the Vy, of the thalamo-
cortical HCN channel by 4-5 mV to more positive values (37).
Therefore, in mammalian spermatozoa, both pH-dependent
K* channels and HCN4 channels may mediate the physiolog-
ical responses triggered by a change in pH;i. In conclusion,
similar molecular components may underlie rhythmic activity
of cells as diverse as bursting neurons and swimming sperma-
tozoa.

The hHCN4 gene was mapped to 15q24-q25. Several
diseases have been mapped to this chromosomal locus. A
syndrome of severe mental retardation, spasticity, and tape-
toretinal degeneration is linked to chromosomal locus 15q24
(38). A second disorder, which is also linked to chromosome
15q24, is an autosomal-dominant nocturnal frontal-lobe epi-
lepsy (ADNFLE) (39). Future work is required to show
whether mutations in the hHCN4 gene cause these diseases.
Note. After submission of this manuscript, two papers ap-
peared on the cloning of HCN4 from rabbit (40) and human
heart (41). The rabbit cDNA probably represents a partial
clone that is lacking part of the N-terminal region.
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